INTRODUCTION
There have been several reports of delayed-type hypersensitivity (DTH) responses as one of the manifestations in vivo of cell-mediated immunity (CMI) to virus infections (Blanden, 1971 ; Zinkernagel, 1976; Liew & Russell, 1980; N ash et al., 1980; Weiner et al., 1980; Chong & Mims, 1982) . Immune responses are regulated by complex interactions among immunocompetent cells. The DTH responses to several haptens, such as dinitrobenzenesulphonic acid (DNBS) (Miller, 1980) , azobenzenearsonate (Bach et al., 1978) , 4-hydroxy-3-nitrophenyl acetate (Weinberger et al., 1979) are regulated by a suppressor T cell (Ts) pathway which involves distinct sets ofT cells (Germain & Benacerraf, 1981) . Ts cells are also involved in the regulation of DTH responses to viruses, and the magnitude of the DTH response depends on the inoculation route and on whether the injected virus is live or inactivated. Antigen-specific inhibition of DTH, usually mediated by Ts, has been demonstrated for influenza virus (Liew & Russell, 1980) , herpes simplex virus (Nash et al., 1981) , cytomegalovirus (Chong & Mims, 1983 ) and reovirus (Greene & Weiner, 1980) . Administration of cyclophosphamide prior to virus inoculation preferentially eliminates Ts cells or their precursors and may enhance DTH responses (Askenase et al., 1975; Mitsuoka et al., 1976) .
Lactate dehydrogenase-elevating virus (LDV) causes a non-lethal persistent infection in mice. It infects Ia-positive (antigen-presenting) macrophages (Inada & Mims, 1984) and causes immunological perturbations, including depressed antibody and cell-mediated responses to unrelated antigens (Rowson & Mahy, 1985) . There have so far been no reports of CMI responses to LDV itself. In the present paper, we describe DTH responses to LDV, and show that live virus inoculated via any route prevents the induction of DTH to LDV, this being due in part to the generation of Ts cells.
METHODS
Mice. Outbred CD-1 mice were from the Animal Breeding Centre of Guy's Hospital Medical School, and C57BL/6 and BALB/c mice were purchased from Olac 1976 Ltd. (Bicester, U.K.). All mice were maintained as specific pathogen-free and used as young adults (l to 3 months) or old mice (>8 months).
Viruses. LDV was donated by Dr K. E. K. Rowson and stock virus preparations were made by collecting serum from mice infected 24 h previously. The assay method has been described (Inada & Mims, 1985 a) . The strain and stock virus preparation of murine cytomegalovirus (MCMV) used have also been described (Chong & Mims, 1982) .
Purification ofLD V. An infected serum sample was precipitated with 7-5 ~ polyethylene glycol (BDH) and was applied to a 0.5 to 1.5 M continuous sucrose gradient in TNE (0.05 M-Tris-HC1 pH 7.4, 0.1 M-NaC1, 0.01 M-EDTA) buffer. The gradient was centrifuged in a Beckman SW27 rotor at 22000 r.p.m, for 14 h at 4 °C (Brinton-DarneU & Plagemann, 1975) , and a visible virus band was collected and dialysed against phosphate-buffered saline (PBS) overnight at 4 °C. Its titre was approximately 1011 IDs0/ml.
Inactivation of viruses. LDV was a.v.-inactivated using a 15 W u.v. lamp, at 15 cm from the source for 2 h with frequent agitation of the dish (1 ml of virus in a 60 mm Petri dish). Heat inactivation of LDV was carried out by incubating the virus at 60 °C for 2 b with frequent mixing. Complete inactivation of infectivity of the virus was confirmed by inoculating undiluted material into mice and testing for the elevation of lactate dehydrogenase 96 h later. Heat-inactivated MCMV was prepared as described earlier (Chong & Mires, 1982) .
Cyclophosphamide (CY) ~ treatment. Mice were injected intraperitoneally (i.p.) with various doses of CY (Endoxana, W.B. Pharmaceuticals Ltd.) 24 h before LDV infection.
Immunization. Mice were generally inoculated intravenously (i.v.), subcutaneously (s.c. ; into four foot-pads) or i.p. with live virus (109 IDs0/0" 1 ml) or with an equivalent dose of inactivated virus. Heat-inactivated MCMV was inoculated s.c. into foot-pads at a dose equivalent to 5 × 105 p.f.u. Mice were usually challenged 6 days after immunization by inoculation of heat-killed LDV (equivalent to 10 a IDso) in 10 g.1 PBS intradermally into the pinna of the left ear (Nash et al., 1981 ; Chong & Mires, 1982) except when time course and dose-response studies were performed. Normal mouse serum (NMS), heated at 60 °C for 2 h was used as control. Challenge with heat-killed MCMV (equivalent to 5 x 108 p.f.u.) was carried out in the same way. The ear swelling was measured 24 h after challenge, using a Mitotoya engineer's micrometer (Chong & Mires, 1982) . Percentage increase was calculated from four to six mice in comparison with the uninoculated ear (Nash et al., 1980; Chong & Mims, 1982) . The mean thickness of uninoculated ears for example was 0.21 + 0.03 mm and in mice undergoing a DTH response 0.31 _+ 0.05 ram. P values were calculated by Student's t-test.
Antibodies. Anti-Thyl. 2 antibody (F7D5, mouse monoclonal IgM) was obtained from Serotec. Rat xenogeneic monoclonal antibodies to mouse monomorphic determinant Lytl and Lyt2 were obtained from Sera-lab (Crawley Down, U.K.) (Dialynas et al., 1983; Cobbold et al., 1984) . To detect Ia antigens a monoclonal mouse anti-rat antibody (OX-3, Sera-lab) which cross-reacts with C57BL/6 mouse I-A was used (Fukumoto et al., 1982) . Monoclonal antibody OX-6 (Sera-lab) which does not react with C57BL/6 cells was used as a control (Inada & Mims, 1985a) .
Transfer of spleen cells. Spleens were removed from normal C57BL/6 mice or mice infected with LDV 3 weeks previously, and single-cell suspensions were prepared. Three x l0 T cells in 0.5 ml MEM were transferred i.v. via the tail vein into syngeneic or allogeneic recipients.
Treatment of spleen cells with antibodies and complement. Aliquots of I x 108 spleen cells in MEM were added to dilutions of antibody to give final dilutions as follows: anti-Thy1.2, 1/1000; anti-Lytl, 1/100; anti-Lyt2, 1/100. Guinea-pig complement (C'; Wellcome) was dialysed against PBS at 4 °C overnight and used at 1 : 7 final concentration. After incubation of cells and antibody for 20 rain at room temperature, the cells were sedimented by centrifugation and resuspended in 5 ml of the diluted C' and incubated for a further 45 min at 37 °C. They were then washed twice in MEM and their viability was estimated by the trypan blue exclusion test. The proportion of cells killed by the various antibodies was as follows: anti-Thyl,2 + C'; 40~; anti-Lytl + C', 23~; antiLyt2 + C', 18 ~; C' alone, 0 ~. Since Lyt2 and Lyt3 antigens are expressed on the same cell, antibody to Lyt2 kills Lyt2.3-positive cells.
Removal of la-positive cells from peritoneal exudate cells (PEC) by panning on an anti-la coated dish. C57BL/6 mice were injected i.p. with 50 p.g indomethacin (Sigma) every 12 h for 3 days; this treatment increases both the number and the proportion of In-positive peritoneal macrophages (Unanue, 1981 ; Inada & Mims, 1984) . In-positive cells were removed from PEC on an anti-In coated dish (Wysocki & Sato, 1978; Inada & Mims, 1985a) . A polystyrene dish (Sterilin) was coated with monoclonal antibody OX-3 (100 gg/ml) with overnight incubation; OX-6 was used as control (Inada & Mims, 1985a) . The plates were washed five times with PBS, and PEC (106/ml) were added.
After 1 h incubation at 4 °C, the plates were gently swirled to remove unattached cells. The attached cells were then washed gently twice with PBS and detached by pipetting. Both attached and unattached cells were seeded into ring cultures, incubated at 37 °C for 3 h, and washed vigorously with PBS to remove non-adherent cells. The cells were fixed with 1 ~ paraformaldehyde for 10 rain and the proportion of Ia antigen-positive cells was determined. The proportions of Ia-positive macrophages in PEC before and after treatment by this procedure were as follows: before treatment, 32.5 ~; after treatment with OX-3, 65.7 ~o (attached) and 8.6~ (unattached); after treatment with 35.8~ (unattached) . The PEC and their Ia-depleted cell populations were fixed with 1 paraformaldehyde for 10 min, washed three times with PBS and injected i.v. into each mouse.
RESULTS

Induction of DTH responses to LDV by inactivated virus
Groups of five 1-to 3-month-old CD-1 mice were inoculated with different doses of u.v.-or heat-inactivated LDV by the s.c., i,p. or i.v. route. All groups were challenged 6 days later with heat-inactivated LDV. Both u.v.-and heat-inactivated virus induced a DTH response by any of the routes employed (data not shown). In all subsequent experiments, heat-inactivated rather than u.v.-inactivated virus was used. Generally, the s.c. route induced a greater DTH response than the i.p. route and the i.v. route was the least efficient. The DTH response was enhanced by pretreatment of mice with CY (100 ~tg/kg) 24 h before immunization (data not shown).
NMS heated at 60 °C for 2 h or PBS used as a control challenge produced ear swelling of less than 5 ~. An increase in ear thickness of more than 10 ~ was, therefore, regarded as a significant response. To ensure that mouse plasma proteins present in the virus inoculum were not inducing and eliciting DTH responses, mice were on one occasion immunized s.c. with purified inactivated LDV and challenged with the same virus preparation. Results were similar to those obtained with virus in the form of infectious serum (data not shown).
The optimal dose for immunization via the s.c. route and for challenge was investigated. Groups of four CD-1 mice were immunized s.c. with various doses of inactivated virus, and 6 days later challenged with 109 IDso equivalents of inactivated virus. A dose of more than about 106 ID50 equivalents of inactivated virus was necessary to elicit a significant (> 10~ ear swelling) DTH response. To determine the optimum virus dose for challenge, mice were immunized with 109 ID50 inactivated virus equivalents and challenged with various doses 6 days later. The magnitude of the DTH response increased with challenge doses of about 106 IDso equivalents and maximum responses were seen with doses above 108 IDso (data not shown).
A time course study was performed utilizing 109 IDso equivalents of inactivated virus s.c. for immunization, and the same dose of inactivated virus for challenge. As depicted in Fig. 1 , a significant DTH response was seen from 3 days after immunization, peaked at 7 to 8 days, declined gradually thereafter but was still detectable up to 30 days after immunization. CYtreated 100 mg/kg) mice showed a similar time course, but the response was significantly greater. CD-1 mice were immunized with LDV or MCMV, and challenged with either virus to see whether the DTH responses were virus-specific. A significant ear swelling was observed only when infected mice were challenged with homologous virus (data not shown).
Adoptive transfer of DTH response by immune T cells
To define the cell types responsible for DTH response, spleen cells were prepared from C57BL/6 and BALB/c mice 7 days after immunization s.c. with inactivated LDV and transferred into syngeneic and allogeneic mice (3 x 107 cells/mouse). Animals were challenged immediately after the cell transfer, and ear swelling was measured 24 h later. As shown in Table  1 , the DTH response was transferred by immune spleen cells, but not by normal spleen cells or by 0-5 ml immune serum. Since treatment of cells before transfer with anti-Thyl. 2 plus C' prevents the response (Table 1) , the effector cells were T cells. Transfer of DTH was seen when immune :pleen cells were given to syngeneic but not allogeneic recipients (Table 2) .
Failure to induce a DTH response with live virus
Young CD-1 mice (1 to 3 months old) were infected with live LDV (10 9 IDs0) by the i.v., i.p. or s.c. route. At various times after infection, the mice were challenged with inactivated virus. * Three x 10 v C57BL/6 spleen cells taken from mice immunized s.c. with heat-killed virus 7 days previously were transferred into five syngeneic mice, which were immediately challenged with inactivated virus. Ear swelling was measured 24 h later. Five recipient mice were also used in each of the other groups.
1" Serum taken from mice immunized 7 days earlier was given i.v. (0.5 ml per mouse). J; NS, Not significant. § Significantly greater than in mice that had received no cells. 37.4 __ 6.9 6-4 _+_ 2.7 BALB/c 7.8 __ 2.2 40.2 _+ 6-8 * Spleen cells were prepared from mice that had been immunized 7 days earlier, and transferred (3 x 107 per mouse) into syngeneic or allogeneic recipients. Ear swelling was measured 24 h later. Each figure represents the mean + S.D. from five mice.
As shown in Fig. 2 , live virus was unable to induce DTH irrespective of the route of inoculation. However, pretreatment of mice with CY (200 mg/kg) 24 h before i.v., i.p. or s.c. infection produced a weak, but significant, DTH (about 20~o ear swelling) detectable 14 days postinfection (Fig. 2) . When mice of different ages were used, however, a significant response was observed in old mice (by 8 months of age) without CY (Fig. 3) . Old mice inoculated with CY showed a small but significantly higher response than untreated mice. ~-CY+, CY (100 mg/kg) was inoculated i.p. 24 h before immunization.
Effect of LDV infection on the induction of a DTH response by inactivated virus
To determine whether active infection with LDV makes mice unresponsive to induction of DTH by inactivated virus, mice were given live virus i.p. at various times before or after s.c. immunization with inactivated virus. The DTH response was measured 6 days after immunization. As shown in Table 3 , the response was significantly reduced in mice which had been infected with LDV 7 days before, on the same day, or 3 days after immunization with inactivated virus. Live virus infection also reduced the DTH response in mice pretreated with CY (100 mg/kg) 24 h before immunization.
Effect of transfusion of Ia-positive peritoneal exudate cells
We have shown that LDV replicates selectively in Ia-positive macrophages, and that within 24 to 48 h post-infection, virtually all of these cells have disappeared from the body. The proportion of Ia-positive macrophages remains significantly low in chronically infected mice (Inada & Mires, 1985 b) . Because Ia-positive, antigen-presenting cells are essential for initiation of both CMI and T cell-dependent antibody responses (Unanue, 1981) , experiments were done to see whether transfusion of Ia-positive cells into actively infected mice could restore the DTH response to immunogenic inactivated virus. The PEC used were from indomethacin-treated mice with 32.5 ~ of the cells Ia-positive (see Methods), and the Ia-depleted cells used as controls were 8.6~ Ia-positive. C57BL/6 mice were immunized with inactivated LDV s.c. and immediately afterwards infected i.p. and given paraformaldehyde-fixed PEC by the i.v. route. Fixation of cells with paraformaldehyde is mild and does not inactivate the Ia antigen (Unanue, 1981) . Infected and immunized mice which received no cells did not show a DTH response, whereas a weak but significant response was observed in mice perfused with fixed PEC (Table  4) . There was no DTH response in those receiving Ia-depleted PEC. These results suggest that Ia-positive cells in PEC are able partially to restore the DTH response to LDV.
Suppression of DTH response induced in CY-treated young mice by normal or infected spleen cells
A weak, but significant DTH response was detectable in CY-treated, LDV-infected young mice 14 days after infection (Fig. 2) . In old (> 8 month) mice, the response was inducible by infection with LDV without CY treatment (Fig. 3) . Experiments were carried out to test for suppression of DTH by spleen cells, i.e. suppression which was CY-sensitive in young mice and which disappeared during normal senescence. Normal spleen cells or spleen cells from young (1-to 3-month-old) mice infected i.p. 3 weeks earlier were transferred into syngeneic recipient mice which were at the same time infected by the i.p. route. They had received CY (200 mg/kg) 24 h previously. Ear swelling was measured 14 days later. As shown in Table 5 , spleen cells from both normal and LDV-infected young mice suppressed the induction of the DTH response in CV-treated, infected young mice. The suppression, however, was not observed when spleen cells from old mice, whether normal or infected, were transferred. Serum taken from normal or infected young mice had no suppressive effect (Table 5) . * Young C57BL/6 mice inoculated with CY (100 mg/kg) 24 h before s.c. immunization with inactivated virus and i.p. infection with live virus. Paraformaldehyde-fixed PEC from indomethacin-treated mice were transfused i.v. at the time of immunization. The DTH response was measured 5 days after immunization. Each figure is the mean + S.D. from four mice.
t These PEC were depleted of la-positive cells by panning on an anti-la-coated Petri dish as described in Methods.
]; Significantly greater than in mice which were not immunized. § NS, Not significant. * Young (1-to 3-month-old) C57BL/6 mice were given CY (200 mg/kg) and infected i,p. with LDV 24 h later. At the same time, the mice were transfused with spleen cells (3 × 107/mouse) or serum (0.5 ml/mouse) from normal or infected mice (3 weeks post-infection). DTH response to LDV was measured 14 days later, Each figure is the mean + S.D. from five mice.
i" NS, Not significant. :~ Significantly less than in mice receiving no cells.
Effect of treatment of suppressor cells with antibodies and complement
The cell type(s) in the spleen responsible for suppression was studied by treating the cells with anti-Thyl. 2, anti-Lytl, or anti-Lyt2 and C'. Young C57BL/6 mice were given CY and infected i.p., and the washed, treated cells (equivalent to 3 x 107) were transferred i.v. The suppressive effect of normal spleen cells was prevented by treating the ceils with anti-Thyl. 2, anti-Lytl or anti-Lyt2 plus C', whereas the suppression by infected mouse spleen cells was blocked by antiThy1.2, anti-Lyt2 plus C', but not by anti-Lytl plus C' (Table 6 ). Table 5 ). DTH response was measured 14 days later. Each figure represents the mean + S.D. from four mice.
t Significantly less than in mice which received no cells. :~ us, Not significant.
DISCUSSION
The above experiments show that immunization with u.v.-or heat-killed virus induced a strong virus-specific DTH response, whereas inoculation of live virus via any route resulted in an undetectable or depressed DTH response. Live virus infection did, however, induce a DTH response in old (> 8 month) mice, and also in young (1 to 3 months) adults after treatment with CY. In the latter case this response was smaller (20% ear swelling) and delayed (14 days postinfection), compared with the 40 to 50% ear swelling at 7 days after inactivated virus. CY at doses of 50 to 200 mg/kg has been used to eliminate Ts cells in the DTH response to several antigens (Askenase et al., 1975; Mitsuoka et al., 1976) . It is likely, therefore, that the inoculation of live virus preferentially induces suppressor T cells and that these or their precursors were inhibited by CY pretreatment. In old mice, in which Ts cell activity is reduced, a DTH response was elicited without CY (Mitsuoka et al., 1976) .
A significant suppression of the DTH response to LDV was observed in mice receiving spleen cells from normal or infected young mice, but not from old mice. The cells responsible for the suppression in normal spleen reside in either Lyt123 or Lytl, Lyt23 and Lyt123 populations, whereas in infected mouse spleens Lyt23 cells are responsible.
There is evidence that Lyt123 ÷, Qal ÷, I-J + Ts cells inhibit the antibody response to sheep erythrocytes, and these cells are extremely sensitive to CY, X-irradiation or the normal senescence process (Eardley et al., 1978; Cantor et al., 1978) . In the regulation of DTH responses to haptens such as DNBS (Sy et al., 1979) or the synthetic copolymer Tyr-Glu-Ala-Lys (Strassmann et al., 1980) , similar regulatory mechanisms are probably operating. It is quite possible that the same type of Ts cells are involved in the suppression of the DTH response to LDV. We suggest that Lytl ÷ or Lyt123 ÷ cells from non-infected mice are precursors of or involved in the activation of the suppressor Lyt23 + subset. Lyt23 ÷ cells are perhaps directly stimulated by replicated viral antigens and in infected mice they are the only effectors (Eardley et al., 1978) . It is also possible that the Ts cells were induced as a result of Ia-positive macrophages being eliminated by infection with LDV (Ptak et al., 1980) . Evidence for this was obtained when perfusion of Ia-positive peritoneal cells into LDV-infected mice significantly restored the DTH response to the immunizing virus (Unanue et al., 1984) .
The fact that the time of the peak DTH response was delayed in LDV-infected mice when compared to those immunized with inactivated virus can be correlated with the almost complete disappearance of antigen-presenting cells during the acute stage of the infection (Inada & Mims, On: Fri, 11 Jan 2019 01:27:54
Ts cells to DTH response in LDV-infected mice 2111 1985b
). Four to 5 days after infection, Ia antigen-positive cells appeared again, although in significantly lower numbers than in uninfected controls (Inada & Mims, 1985b) . Similar DTH studies have been reported for other viruses, including influenza virus, herpes simplex virus, cytomegalovirus and reovirus (Liew & Russell, 1980; Nash et al., 1980; Chong & Mims, 1982; Weiner et al., 1980) . The virus-specific DTH response was usually affected by the state of the infected virus (live or inactivated), by the inoculation route, and by the dose given. It was possible to induce an antigen-specific depression of DTH response, in so far as the response to the inoculated virus failed while responses to other viruses or antigens were unaffected. The DTH failure was generally mediated by Ts cells. In the present studies with LDV the DTH suppression is probably mediated by Ts ceils, but it was not shown whether or not it was LDVspecific. The fact that it was induced preferentially by live virus raises the question of whether the suppression of DTH to LDV is of selective advantage in establishing persistent infection. This question cannot be answered until other (e.g. cytotoxic) CMI responses have been studied, and their importance estimated. Unfortunately the precise role of DTH responses in virus infection remains uncertain (Nash, 1984) . Although DTH may have a role in recovery from certain virus infections, in others it is believed to induce immunopathological lesions (Liew & Russell, 1983; Thomsen et al., 1983) . It is not known whether the DTH response to LDV has a protective role.
